Objective. Diagnosis of SLE relies on the detection of autoantibodies. We aimed to assess the diagnostic potential of histone H4 and H2A variant antibodies in SLE.
Introduction
The clinical heterogeneity of SLE often constitutes an obstacle to ready diagnosis, especially in a primary care setting [1] . The correct interpretation of confirmatory laboratory investigations requires knowledge about a number of pitfalls [2] . For instance, ANAs are detectable in virtually all SLE patients, but they lack specificity and may even be detected in healthy individuals at comparatively low titres [3] . Determination of ANA binding specificities such as SSA, SSB, U1-RNP and Sm antibodies included in most standard assays increases specificity for the diagnosis of SLE. However, the prevalence of these distinct antibodies in SLE is usually low [4] . Thus, markers with superior performance or a marker combination may lead to a more confident diagnosis with faster referral to specialized rheumatological care.
Histones form the protein component of the nucleosome, around which DNA is wound [5, 6] . The core histones comprise dimers of H2A, H2B, H3 and H4 while H1 weakly associates with linker DNA between nucleosomes [5, 7] . Histone genes are organized in clusters resulting in multiple copies of each gene and different variant histone proteins whose functional distinctiveness is not well understood [5, 6] . Antibodies to nucleosomes and deposition of resulting immune complexes are implicated in the pathogenesis of SLE [7] . Thus, testing for nucleosome antibodies is a promising way of improving the diagnostic potential of laboratory tests for SLE. However, it has been stressed that nucleosomes contain a wide variety of individual components such as different histones (or variants thereof) or dsDNA, and that efforts should be undertaken to more clearly define the target of potentially diagnostic antibodies [8] .
We therefore explored the diagnostic potential of antibodies to clearly defined histone core components H4 (HIST1H4A) and H2A (HIST2H2AA3 and HIST2H2AC) in comparison with routine antigens in an ELISA-based multiplex assay.
Methods

Patients and controls
One hundred and fifty-three consecutive SLE patients [85% female, age 41 (13.5) years] who met 1997 updated 1982 ACR classification criteria for SLE (reference standard) were included from the rheumatology outpatient department of Heinrich-Heine-University between 1999 and 2000. Mean disease duration was 9.4 (7.3) years, and patients were treated with various compounds [e.g. 61.6% glucocorticosteroids (median dose 7.5 mg), 48.7% antimalarials]-further details are given in supplementary Table S1 , available at Rheumatology online). Blood samples were drawn at the time of SLE classification, frozen at À80 C and used for further antibody determination. Additional information gathered consisted of dsDNA antibodies as measured by radioimmunoassay, C3c and C4 values, CRP, total IgG, routine ENA testing including SSA, SSB, U1-RNP and Sm (Anti-ENA ProfilPlus 1, Euroimmune, Lü beck, Germany). Eighty-one healthy controls [76.8% female, 43.3 (12.4) years] who had an unremarkable examination by a trained rheumatologist during a rheumatology community screening programme were randomly selected to frequency-match our SLE group. The study complies with the Declaration of Helsinki. All patients gave their full informed consent. The study was approved by the Ethics Committee of the Medical Faculty of Heinrich-Heine-University Dü sseldorf (study no. 2850).
Multiplex antibody assay
Recombinant antigens known to be associated to SLE and histones H4 or H2A were produced in Escherichia coli, purified as detailed elsewhere [9, 10] , and covalently coupled to magnetic microspheres according to the manufacturer's instructions (Luminex Corp., Austin, TX, USA). According to official GeneID and abbreviation (www.ncbi. nlm.nih.gov/gene/) the used antigens are named TROVE2 [SSA (60 kDa)], TRIM21 [SSA (52 kDa)], SSB (SSB), SNRNP70 (U1-RNP), SNRPB (Sm), RPLP2 (RPLP2), HIST2H2AC (HIST2H2AC), HIST2H2AA3 (HIST2H2AA3) and HIST1H4A (HIST1H4A). The coupled antigens were then incubated with probands' sera, and after appropriate washing procedures incubated with a secondary PElabelled anti-human-IgG antibody. A Magpix instrument (Luminex Corp.) was used for the detection and quantification of fluorescence in analogy to previous descriptions [9, 10] (index test).
Statistical analysis
Interclass correlations (ICCs) were computed comparing routine ENA on a standard assay to antibodies against the same parameters within the multiplex assay (i.e. SSA, SSB, U1-RNP and Sm) to estimate retest reliability. The standard assay and the multiplex were compared by receiver operating characteristic (ROC) analysis. ROC analysis was also performed to estimate the individual diagnostic performance for all parameters to distinguish SLE from healthy. Next, the cohort was randomly split into a training cohort (75%) and a validation cohort (25%). Binary logistic regression analysis was performed for the routine autoantibodies vs models including the histone antibodies (comparator models) and compared by likelihood ratio test. The accuracy of allocation to healthy and SLE was assessed in the validation cohort for all models. Clinical information and results of reference standard (i.e. SLE classification) were unavailable to the reader of the multiplex assay and results of the latter were unavailable to assessors of the reference standard. There were no missing data on either reference standard or index test within the current cohort. Generalized linear modelling was applied including all multiplex parameters and routine clinical information to assess prediction of disease activity measured by Systemic Lupus Activity Measure (SLAM). There was no prior estimation of sample size due to the exploratory nature of the study. R version 3.2.2 was used for statistical analysis (The R Foundation for Statistical Computing, Vienna, Austria).
Results
Comparison of the multiplex assay with a routine assay First, we were interested in the retest reliability of the multiplex assay. Therefore, ICCs were calculated for the parameters included in the standard assay used in clinical routine [i.e. SSA (60 kDa), SSA (52 kDa), SSB, U1-RNP and Sm] in five samples that were measured 12 times on different trays. Mean ICC was 0.85, ranging from 0.73 to 0.99 (supplementary Table S2 , available at Rheumatology online). To determine the diagnostic performance, we compared the measurements of routine parameters SSA (60 kDa), SSA (52 kDa), SSB, U1-RNP and Sm in the multiplex assay with the routine assay by ROC analysis. Area under the curve (AUC) range was 0.85 (for U1-RNP) to 0.9 (for SSA) (further details in supplementary Table S3 , available at Rheumatology online). When applying optimal thresholds (according to the Youden method) for the multiplex assay, only three (3.7%) of the specimens in the healthy control group tested positive [two SSA (60 kDa), one SSB].
Diagnostic performance of individual antibodies
Next, we were interested in determining the performance of each individual antibody in the multiplex assay to diagnose SLE by ROC analysis. As can be seen in Table 1 , AUC ranged from 0.72 to 0.97, with HIST1H4A antibodies performing best at a sensitivity of 95% for preset specificity of 90%. Routine dsDNA antibody measurements were not available for controls. We were nevertheless interested to ascertain that HIST1H4A-IgG levels did not merely reflect dsDNA antibody levels. First, correlation was assessed according to Spearman resulting in a weak association with a coefficient of 0.23 (P = 0.0094). Next, dsDNA antibody levels were dichotomized [positive (i.e. >7 IU/ml) or negative] and compared with HIST1H4A-IgG positivity at the optimal threshold (according to Youden with sensitivity 95.4%, specificity 92.6%). While dsDNA antibodies were false-negative in 47 cases, HIST1H4A-IgG failed to recognize only four cases. The chi-square test as a measure of association between the two markers was insignificant (P = 0.62, further details in supplementary Table S4 , available at Rheumatology online). The participant flow diagram for the diagnostic performance of HIST1H4A-IgG is detailed in supplementary Fig. S1 , available at Rheumatology online.
Diagnostic performance and comparison of autoantibody combinations including histone antibodies
In the next step, we hypothesized that addition of histone antibodies to our standard autoantibody set would increase the diagnostic capability. For this purpose, the data set was randomly split into a training cohort (75% of cases or controls) and a validation cohort (25%). Binary logistic regression models for the diagnosis of SLE vs healthy were then calculated for the standard antibodies alone or together with each of the histone antibodies. The goodness of fit of the different models to the actual data was compared in the training cohort. The accuracy of all models to correctly predict disease status was assessed in the validation cohort. As outlined in Table 2 , addition of HIST2H2AC or HIST2H2AA3 antibodies resulted in a slightly better fit, while addition of HIST1H4A antibodies considerably improved model fit and predictive accuracy at a highly significant level. The logistic model including HIST1H4A is detailed in supplementary Table S5 , available at Rheumatology online.
Assessment of the contribution of histone antibodies to predict disease activity Finally, we evaluated which parameters of the routine clinical and laboratory assessment were associated to disease activity represented by the SLAM and if the level of any individual antibodies could improve prediction of the SLAM. We therefore included all gathered routine parameters as outlined, as well as antibodies from the multiplex assay and performed stepwise linear modelling with backward elimination in order to identify significant predictors of disease activity. Significant predictors in the order of their relative impact consisted in CRP, damage index, C3c, dsDNA and HIST1H4A-IgG. Higher levels of HIST1H4A-IgG were associated with lower SLAM (details in supplementary Table S6 , available at Rheumatology online).
Discussion
HIST1H4A-IgG antibodies demonstrated superior specificity and sensitivity for the diagnosis of SLE when compared with conventional diagnostic markers. The diagnostic utility was maintained in multivariate analysis and in a validation sample set in the current study. Previously, histone H2A and B antibodies were reported to be of superior utility in SLE diagnostics, while H4 antibodies performed less favourable in this regard [1114] . Differences in the antibody detection technology, usage of non-recombinant H4 with contamination of other histones [11] , or usage of non-human proteins [12] may account for the differences. Currently, we cannot exclude that immunosuppressive treatments may influence antibody formation to HIST1H4A. The heterogeneous treatment of our patients and a lack of treatment naïve SLE patients is therefore a limitation to the study. Additionally, besides SLE, other rheumatic disorders may be associated with histone antibodies [15] . The diagnostic performance of HIST1H4A-IgG reported herein may prove to be lower when disease control groups and/or treatment naïve patients are included in future studies.
Interestingly, lower concentrations of HIST1H4A-IgG were weakly associated to a more active SLE disease status. HIST1H4A-IgG may therefore be characteristically detectable in SLE patients, in whom they exert antiinflammatory properties This notion is supported by the Area under the curve (AUC) and 95% CI according to receiver operating characteristic analysis with determination of sensitivity (sens.) and specificity (spec.) for diagnosis of systemic lupus erythematosus vs healthy control.
finding that histones act in a proinflammatory way by activating the innate immune receptors Toll-like receptor 2 and 4 [16] , which in turn is ameliorated by inhibitory histone antibodies in experimental inflammatory models [17] . However, the pathophysiological situation is likely to be more complex: combinations of several anti-histone antibodies especially in addition to dsDNA antibodies (but not distinct anti-histone antibodies alone) enhanced complement-dependent phagocytosis of necrotic cell material by leucocytes resulting in an oxidative burst [18] . These findings collectively suggest that more pathophysiological and clinical studies on the association of distinct histone antibodies and their combinations with SLE disease activity are needed. This study also provides insight into a technical aspect of diagnostic marker selection: a multiplex approach using Luminex or similar platforms provides the means to assess potential new diagnostic markers such as HIST1H4A-IgG antibodies along with established markers for direct multivariate comparison. If a marker performs well in comparison to already established and available alternatives in this setting, further research into the development of a certified test seems promising.
Conclusion
HIST1H4A-IgG antibodies demonstrated high specificity and sensitivity for the diagnosis of SLE compared with healthy controls with superior diagnostic performance to conventional markers. HIST1H4A-IgG antibodies should be further assessed in SLE diagnostics. Binary logistic regression models for prediction of SLE vs healthy. A standard model incorporating the designated antibodies (Ab) was compared with models with the addition of histone antibodies (models 13). Model fit to data of the training cohort (resid. dev., residual deviance) was compared between standard and each model by likelihood ratio test (P). Acc.: accuracy of allocation to SLE or healthy in the training (train) and validation cohort (valid.).
